Aim: Submicron fragments termed microparticles (MPs), derived from all major central nervous system cell types including neurons and glia (microglia, astrocytes, oligodendrocytes), have emerged as novel intercellular signaling agents. This study tested the hypothesis that MPs derived from activated microglia, which represent the mononuclear phagocyte system in the brain, could induce pro-inflammatory and cytotoxic responses of microglia in an autocrine or paracrine manner. Methods: Human THP-1 monocytic cells were used to model human microglia. MPs derived from these cells were reapplied to THP-1 cells and their secretion of neurotoxins and cytokines was measured. Results: When exposed to lipopolysaccharide (LPS) or mitochondrial transcription factor A in combination with interferon (IFN)-γ, THP-1 cells released MPs. When reapplied to THP-1 cells, MPs induced the release of secretions that were toxic to human SH-SY5Y neuroblastoma cells, as well as monocyte chemoattractant protein-1. The cytotoxicity of THP-1 cells induced by MPs derived from IFN-γ plus LPS-treated THP-1 donor cells was enhanced in the presence of IFN-γ. The MPs released by THP-1 cells were not directly toxic towards SH-SY5Y cells. Conclusion: Our data support the hypothesis that activated microglia-derived MPs could act as signaling agents that are recognized by microglia to cause pro-inflammatory and cytotoxic responses.
INTRODUCTION
Microglia are a distinct population of mononuclear phagocytes that represent the innate immune system in the brain. [1] Under physiological conditions, the phagocytic responses of microglia ensure proper functioning of neuronal cells as they remove harmful material and repair injured tissue. [2] However, chronic activation of microglia, due to recognition of pathological formations associated with central nervous system (CNS) disorders including the amyloid-beta (Aβ) and α-synuclein aggregates observed in Alzheimer's and Parkinson's disease respectively can contribute to disease progression. [3, 4] The state of prolonged overactivation of microglia is characterized by increased secretion of pro-inflammatory cytokines as well as reactive oxygen and nitrogen species. [5] [6] [7] [8] [9] Similar adverse activation of microglia occurs in response to other endogenous molecules such as damageassociated molecular patterns (DAMPs) released by damaged or dying cells. [10] DAMPs identified in the CNS include the DNA-binding proteins high-mobility group box 1 (HMGB1) and mitochondrial transcription factor A (TFAM). [11, 12] Recently, microparticles (MPs) have emerged as novel intercellular signaling agents, which can be released by all brain cell types. MP release from microglia is upregulated following their activation and such microliaderived MPs appear to possess immunomodulatory properties similar to HMGB1. [13] [14] [15] [16] Originally considered as inert platelet by-products, MPs are now known to be a heterogeneous population of membrane-derived vesicles ranging in diameter from 0.1 to 1 μm, which participate in intercellular signaling. [17, 18] The structural composition and content of MPs differs based on a variety of factors, including the cell type of origin and the nature of the inducing stimulus. [18] As MPs can mediate intercellular communication, they have been implicated in the regulation of various physiological processes, including, cell proliferation, coagulation, and inflammation. [19] Recent studies have also identified MP involvement in disease processes and the contribution of MPs to the progression of some neurodegenerative disorders has become increasingly evident. [20] [21] [22] [23] [24] Elevated levels of MPs have been detected in the plasma and cerebrospinal fluid of individuals suffering from Alzheimer's disease, multiple sclerosis, and cerebral malaria. [20, 25, 26] Upon activation by adenosine triphosphate, microglia and astrocytes have been found to release MPs carrying the pro-inflammatory cytokine interleukin (IL)-1β. [15, 27] Moreover, microglia-derived MPs have been shown to transfer inflammatory stimuli to other microglial cells, which then express pro-inflammatory genes such as IL-1β and IL-6. [28] These findings suggest that inflammatory mediators may be liberated from glia-derived MPs and subsequently interact with surrounding cells, thus contributing to the neurotoxic environment observed in neuroinflammatory diseases. Therefore, elucidating MP involvement in glial cellmediated neuroinflammation may identify additional targets for the development of therapeutic strategies aimed at neuropathologies with neuroinflammatory components.
Although MP release by all major CNS cell types has been demonstrated, the role of MPs as mediators in glia-neuron communication remains to be fully characterized. [15, 16, 27] Since MP release is upregulated upon activation and during apoptosis or necrosis; we hypothesized that MPs may act as endogenous DAMPs with immunomodulatory properties similar to HMGB1 or TFAM. [15, 29, 30] We demonstrated that human mononuclear phagocytes release MPs when activated by pro-inflammatory molecules. We also showed that THP-1 monocytic cell-derived MPs act in an autocrine or paracrine manner to induce secretions of pro-inflammatory cytokines and cytotoxins by these monocytic cells.
METHODS

Reagents
Sodium dodecyl sulphate (SDS), N,N-dimethylformamide (DMF), 0.05% trypsin with ethylenediaminetetraacetic acid (EDTA), fetal bovine serum (FBS), Dulbecco's modified Eagle medium: nutrient mixture F-12 Ham (DMEM/F12), penicillin/streptomycin stock solutions, bovine serum albumin (BSA), diethanolamine, and the Pierce bicinchoninic acid (BCA) Protein Assay Kit were purchased from ThermoFisher Scientific (Ottawa, ON, Canada). Dimethylsulfoxide (DMSO), lipopolysaccharide (LPS) from Escherichia coli O55:B5 and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (Oakville, ON, Canada). Human interferon (IFN)-γ and enzyme-linked immunosorbent assay (ELISA) development kits for IL-6, tumor necrosis factor (TNF)-α, and monocyte chemoattractant protein-1 (MCP-1) were purchased from Peprotech (Embrun, ON, Canada). The FITC Annexin-V Apoptosis Detection Kit was purchased from BD Biosciences (Mississauga, ON, Canada). Nanobead NIST traceable particle size standards were purchased from Polysciences Inc. (Warrington, PA, USA). Recombinant human TFAM was a gift from Dr. K. Wolthers (University of British Columbia Okanagan Campus, Kelowna, BC, Canada).
Cell culture models
The human monocytic THP-1 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The human neuroblastoma SH-SY5Y cell line was donated by Dr. R. Ross (Department of Biological Sciences, Fordham University, Bronx, NY, USA). Cell cultures were grown in DMEM/F12 media containing 10% FBS, penicillin (100 U/mL) and streptomycin (100 μg/mL), and incubated at 37°C in humidified 5% CO 2 and 95% air atmosphere.
MP isolation
MPs were isolated using previously published protocols, which were modified as follows. [15, 27, 31] Human monocytic THP-1 cells were counted using a hemocytometer, centrifuged for 7 min at 450 g, and seeded into 12-well plates at 0.5 million cells/mL in DMEM/F12 with 5% FBS. Following 30-min incubation, cells were stimulated by exposing them in duplicate wells to TFAM (2.5 μg/mL), IFN-γ (150 U/mL), IFN-γ plus TFAM (0.5 μg/mL), IFN-γ plus LPS (0.5 μg/mL), or vehicle solution (phosphate buffered saline, PBS). Following a 24-h incubation period, cultured supernatants from each well were collected into individual 50 mL centrifuge tubes and total cell numbers from each treatment were counted using a hemocytometer. A differential centrifugation procedure consisting of three steps was then performed at 4°C: (1) 5 min at 300 g; (2) 20 min at 1,200 g; (3) 30 min at 10,000 g. After the first two centrifugation steps, the supernatants were collected and transferred into new 50 mL tubes. After the third step, however, the supernatants were discarded. The pellets were re-suspended in 1 mL of sterile PBS and the MP samples were washed by centrifugation for 30 min at 10,000 g. The MP pellet was re-suspended in 1X Annexin-V binding buffer from the FITC Annexin-V Apoptosis Detection Kit. The MP samples were stored at -20°C.
MP detection and quantification
Flow cytometry
To detect and quantify MPs released by THP-1 cells, the MP samples were analyzed using flow cytometry according to previously described methods. [32] Briefly, 0.1 mL from each MP sample was combined with 5 μL of Annexin-V-FITC stain and incubated at room temperature in the dark for 15 min. Annexin-V was used as it binds to the externalized phosphatidylserine on the surface of MPs. [33] Following incubation, samples were centrifuged for 30 min at 10,000 g to remove any unbound Annexin-V-FITC. The MP pellet was resuspended in 0.1 mL of 1X Annexin-V binding buffer and analyzed using the MACSQuant Analyzer 10 with MACSQuantify software (Miltenyl Biotec). The MP size gate was defined using 0.5 μm and 1.0 μm calibration beads and events within the MP gate were further discriminated by Annexin-V label. A logarithmic scale was used for side scatter, forward scatter, and fluorescence channels. MPs were identified as Annexin-V positive events within the MP size gate with fluorescence intensity above a control sample not stained with Annexin-V-FITC.
BCA protein assay
Protein concentration in the MP samples was measured using the BCA protein assay as previously described. [34] Briefly, 10 μL of each MP sample were analyzed according to the instructions provided for the Pierce BCA Protein Assay Kit. BSA standards (0.0125-2 mg/mL) prepared by diluting the BSA stock solution (2 mg/mL) in distilled water were used to construct a standard curve from which the protein concentration in the MP samples was calculated. MPs were used in experiments at a protein concentration of 10 μg/mL.
Toxicity of MP-stimulated monocytic THP-1 cells towards neuronal SH-SY5Y cells
To study the cytotoxicity of monocytic THP-1 cells induced by MPs, supernatant transfer experiments were performed as previously described. [35] Briefly, THP-1 cells were seeded into 96-well plates as 250 μL aliquots at a concentration of 0.5 million cells/mL in DMEM/F12 with 5% FBS. Following 30 min incubation, THP-1 cells were stimulated with IFN-γ (150 U/mL), THP-1-derived MPs (10 μg protein/mL), IFN-γ plus THP-1-derived MPs, or left unstimulated by adding MP vehicle solution (1X Annexin-V binding buffer). After 48 h incubation, THP-1 cell supernatants were transferred onto SH-SY5Y cells seeded 24 h earlier into 96-well plates at 0.2 million cells/mL in 200 μL DMEM/F12 with 5% FBS. In addition, THP-1 cell supernatants were collected for IL-6, TNF-α, and MCP-1 ELISA measurements. THP-1 cell viability was assessed using the MTT assay. SH-SY5Y cells were incubated for additional 72 h at which point an MTT assay was performed to assess their viability.
Direct toxicity of MPs derived from stimulated THP-1 cells towards neuronal SH-SY5Y cells
To determine whether the MPs isolated from stimulated human monocytic THP-1 cells were directly toxic to human neuronal SH-SY5Y cells, the following experiment was performed. Human neuronal SH-SY5Y cells were seeded into 24-well plates as 400 μL aliquots per well at a concentration of 0.2 million cells/mL in DMEM/F12 with 5% FBS. Following 24-h incubation, SH-SY5Y cells were treated with MP vehicle solution (1X Annexin-V binding buffer) or MPs (10 μg protein/mL) isolated from unstimulated THP-1 cells or THP-1 cells that had been stimulated with IFN-γ in combination with LPS. Following 72-h incubation of SH-SY5Y cells with the MPs, the MTT assay was performed to assess neuronal cell viability.
MTT cell viability assay
Viability of the cells used during experiments was assessed using the MTT assay as previously described. [36, 37] This assay is based on the ability of viable cells to reduce the water-soluble tetrazolium dye MTT to an insoluble purple formazan product, which can be measured spectrophotometrically. MTT (0.5 mg/mL) was added to the wells containing cultured cells and the plates were incubated for 1 h at 37°C. A 20% SDS/50% DMF solution was then added at a 1:1 ratio to each well to solubilize the formazan crystals. After an additional incubation period of 3-4 h at 37°C, 0.1 mL aliquots from each well were transferred onto 96-well plates for optical density measurement at 570 nm using a microplate reader. The cell viability was expressed as a percent of the value obtained from cells treated with medium only.
ELISA
Concentrations of IL-6, TNF-α, and MCP-1 in cell-free supernatants from THP-1 cells stimulated for 48 h with THP-1-derived MPs were measured using Peprotech ELISA development kits according to the manufacturer's instructions. The detection limits for the IL-6, TNF-α, and MCP-1 ELISAs were experimentally determined to be 0.007 ng/mL, 0.09 ng/mL, and 1.02 ng/mL, respectively.
Data analyses
Statistical analyses of the data were conducted using SPSS software (version 22.0, IBM SPSS, Chicago IL, USA) and GraphPad PRISM software (version 6.0, GraphPad Software Inc, La Jolla CA, USA). Randomized blocks design analysis of variance (ANOVA) followed by Fisher's least-significant difference (LSD) post hoc test was used to determine significance of findings. Data are presented as means ± standard error of the mean (S.E.M.). Statistical significance was considered at a P-value less than 0.05. Data from 3-11 independent experiments for each figure are presented.
RESULTS
MP release by stimulated human monocytic THP-1 cells
The ability of various stimuli to trigger MP release by monocytic THP-1 cells was investigated. THP-1 cells were stimulated for 24 h with IFN-γ or a combination of IFN-γ plus LPS, which has previously been shown to induce maximal stimulation of these cells. [38] THP-1 cell supernatants were collected and MPs isolated using differential centrifugation. Representative scatter plots shown on Figure 1A -C illustrate that MPs were released by unstimulated and stimulated THP-1 cells as shown by the Annexin-V positive events within the MP size gate. The number of MPs released per million THP-1 cells was calculated. Figure 1D shows that significantly more MPs were released by THP-1 cells stimulated with a combination of IFN-γ plus LPS compared to cells stimulated with IFN-γ alone (P = 0.001) or unstimulated cells (P = 0.001). 
Effects of THP-1 cell-derived MPs on THP-1 monocytic cell viability and their toxic secretions
IFN-γ enhances THP-1 cell cytotoxicity induced by stimulated THP-1 cell-derived MPs
The synergistic effect of IFN-γ and THP-1 cell-derived MPs on THP-1 cell cytotoxic secretions was also studied [ Figure 3A ]. The combination of IFN-γ and IFN-γ plus LPS-stimulated THP-1 cell-derived MPs was significantly toxic towards THP-1 cells compared to THP-1 cells treated with vehicle solution alone (P = 0.0001), IFN-γ alone (P = 0.002), and MPs isolated from IFN-γ plus LPS-stimulated THP-1 cells alone (P = 0.0001). Supernatants from the differentially treated THP-1 cells were transferred onto SH-SY5Y cells and their viability was assessed after 72 h incubation. Figure 3B illustrates that the cytotoxicity of MPs derived from IFN-γ plus LPS-stimulated THP-1 donor cells was enhanced by IFN-γ being present during the incubation of THP-1 cells with these MPs.
MPs derived from TFAM plus IFN-γ-stimulated THP-1 cells induce cytotoxicity of THP-1 cells
The ability of MPs derived from TFAM-stimulated monocytic THP-1 cells to induce cytotoxic secretions from THP-1 cells was also investigated. MTT assay showed no toxicity of the isolated MPs towards THP-1 cells at the concentration tested [ Figure 4A 
MPs derived from stimulated THP-1 cells are not directly toxic towards SH-SY5Y neuronal cells
To rule out the possibility that the effects on SH-SY5Y cell viability observed following their exposure to supernatants from MP-treated THP-1 cells might have been due to MPs that were transferred to SH-SY5Y cells with the supernatant, we performed a control experiment where SH-SY5Y cells were treated directly with MPs. MPs (10 μg protein/mL) isolated from THP-1 donor cells that had been stimulated with IFN-γ plus LPS were incubated with SH-SY5Y cells for 72 h. The MTT assay showed no direct toxicity of the isolated MPs towards SH-SY5Y cells at the concentration tested [ Figure 5 ]. 
DISCUSSION
There is increasing evidence that MPs are novel intercellular signaling agents that can be released by a variety of CNS cell types including microglia. MPs may exhibit immunomodulatory and biological properties similar to DAMPs, such as HMGB1 and TFAM. [13] [14] [15] [16] Several studies have investigated the role of MPs as mediators of astrocyte-neuron communication; [15, 16, 27] however, to date the role of MPs as mediators in microglia communication with neurons, astrocytes, and other microglia remains less characterized.
The MP release and neurotoxicity assays employed in this study used human monocytic THP-1 cells and the SH-SY5Y human neuroblastoma cell line, which have been widely used to model human macrophages (including microglia) and human neurons, respectively. [38] [39] [40] [41] [42] [43] Moreover, the neurotoxicity induced by THP-1 cells in these experiments has been demonstrated to be very similar to that of human microglia derived from post mortem brain tissues. [44] Additionally, Combs et al. [45] showed that stimulated primary murine microglia cause toxicity toward mouse embryonic neurons in a manner very similar to the actions of stimulated THP-1 cells. Activation of THP-1 cells characterized by upregulated proinflammatory cytokine and cytotoxin secretion resulting in significantly reduced survival of SH-SY5Y cells has been achieved previously by stimulation with several different combinations of cytokines and inflammatory mediators including IFN-γ and LPS. [38, 44, 46] Our previous studies show that high concentrations of LPS (such as 0.5 μg/mL used in this study) in combination with IFN-γ induce maximum activation of THP-1 cells; however lower concentrations of LPS (e.g. 0.5 ng/mL) can also be used. [47, 48] First, to confirm that MPs could be released by our model of activated microglia, IFN-γ alone or in combination with LPS was added to human THP-1 monocytic cells for 24 h. Following incubation, the released MPs were isolated by differential centrifugation and analyzed by flow cytometry. Both unstimulated and stimulated [29, 49] LPS in combination with IFN-γ was the only combination from the stimulants tested to induce the release of MPs above the levels released by the unstimulated control cells. This observation correlates well with other studies showing that activation can significantly upregulate MP release by a variety of cell types, including THP-1 cells. [15, 27] It is important to note that IFN-γ on its own did not enhance the release of MPs, which is consistent with previous studies demonstrating that IFN-γ is not capable of inducing significant monocytic cell cytotoxicity in the absence of additional co-stimulatory molecule(s). [38, 43] Next, we investigated whether the isolated MPs possessed cytotoxic properties by conducting supernatant transfer experiments, which involved exposing THP-1 cells to MPs (10 μg protein/mL) isolated from THP-1 cells that had been stimulated with IFN-γ alone or in combination with LPS for 48 h. Our data indicate that MPs derived from IFN-γ plus LPS-stimulated THP-1 cells possess the ability to induce monocytic cell toxicity, while MPs derived from cells stimulated with IFN-γ only lack this ability. The cytotoxicity of THP-1 cells induced by MPs derived from IFN-γ plus LPS-stimulated THP-1 donor cells was enhanced by co-stimulation with IFN-γ. This finding was expected, as IFN-γ is a critical regulatory molecule involved in both innate and acquired immunity that has been shown to modulate the immune response of phagocytic cells. [50] Stimulation with IFN-γ on its own did not induce monocytic cell toxicity towards neuronal cells, reinforcing the idea that IFN-γ requires additional co-stimulatory molecules to achieve significant monocytic cell activation and secretion of cytotoxins. Since only the MTT assay was performed on SH-SY5Y cells, it is not known whether the neuronal cell death induced by supernatants from MP-stimulated THP-1 cells involved mainly apoptotic or necrotic mechanisms. Further studies are needed to address this research question.We also confirmed that the cytotoxic activity of the IFN-γ plus LPS-derived MPs towards the neuronal cells was indirect, as direct exposure of SH-SY5Y cells to MPs derived from either unstimulated or stimulated THP-1 cells did not induce any toxic effects [ Figure 7 ].
Further studies will be required to determine the molecular content of the MPs isolated in these experiments and the mechanism of action of these MPs including the receptors involved in inducing the observed THP-1 cell toxicity towards the SH-SY5Y neuronal cells. A number of studies have shown that activated cells shed MPs containing inflammatory mediators such as IL-1β, which, in turn, is released to activate other immune cells and trigger an inflammatory response. [15] Our data demonstrate that the monocytic cell-derived MPs are able to act in an autocrine or paracrine manner. By recruiting additional monocytes, this activation pattern may then contribute to perpetuating the inflammation present in neuroinflammatory diseases such as Alzheimer's disease. Peroxisome proliferator-activated receptor gamma (PPAR-γ) has been shown to be one of the receptors targeted by MPs during autocrine activation of monocytes. [51] Identifying the receptors mediating the cellular effects of MPs may provide additional targets for attenuating the induced neuroinflammation.
TFAM, a novel DAMP, activates three different types of cultured human mononuclear phagocytes, including THP-1 cells, peripheral blood monocytes, and primary human microglia. It induces the expression of the pro-inflammatory cytokines IL-1β, IL-6, and IL-8. [12] Therefore, we decided to investigate an additional mechanism of action of TFAM by elucidating the role of MPs in TFAM-induced microglial toxicity towards neuronal cells. Moreover, to our knowledge, the role of DAMPs such as TFAM or HMGB1 as triggers of MP release has not yet been investigated. Similar to the results obtained for the IFN-γ plus LPS-derived MPs, the MPs derived from donor THP-1 cells stimulated with TFAM plus IFN-γ induced toxicity of THP-1 cells towards the SH-SY5Y neuronal cells, resulting in decreased cell viability.
MPs were also investigated for their ability to induce the release of pro-inflammatory cytokines by THP-1 cells. Only MPs derived from IFN-γ plus LPS-stimulated THP-1 cells induced the release of MCP-1 above the levels of the unstimulated control cells. MCP-1 is a potent chemotactic factor for innate immune cells that is produced by a variety of cell types including monocytes, astrocytes, and microglial cells, either constitutively or following activation by pro-inflammatory cytokines and oxidative stress. [52] Within the CNS, MCP-1 has been shown to facilitate the infiltration of peripheral blood monocytes across the blood-brain barrier and thereby amplify the neuroinflammatory state observed in neuropathologies with dysregulated microglial activation. [53] The CNS neurotoxicity associated with inflammatory mediators is often due to their action on microglia and astrocytes that leads to the secretion of reactive oxygen species or cytotoxins such as TNF-α. These mediators, in turn, can induce apoptotic or necrotic cell death of nearby neurons. [54] [55] [56] [57] Yang et al. [58] showed that MCP-1 was not toxic towards cultures of primary cortical neurons. In the presence of microglia, however, MCP-1 was shown to cause neuronal death. Microglia express receptors for MCP-1, and MCP-1 was found to increase microglial mRNA expression of TNF-α and IL-1β. Use of an MCP-1 neutralizing antibody decreased MCP-1 induced upregulated microglial expression of these pro-inflammatory mediators and also attenuated MCP-1 induced neuronal death in neuron/microglia cocultures. [58] Accordingly, these properties of MCP-1 may provide an explanation for MP-mediated THP-1 cell toxicity towards SH-SY5Y neuronal cells.
MPs did not induce release of IL-6 and TNF-α (data not shown). These observations differ from results showing the release of IL-6 and TNF-α by human monocytes treated with MPs isolated from human monocytes stimulated with calcium ionophore A23187. [59] This study also demonstrated that the MPs induced nuclear factor-κB activation, which would explain the observed secretion of these pro-inflammatory cytokines. It is important to note that there are several factors that may influence the concentration and the type of MPs produced in vitro including: (1) the donor cell type; [60, 61] (2) the stimulating agent used; [62] and (3) the incubation time with the stimulant. [63] These factors can modify the structure and content of the MPs released, thus affecting the physiological function of the MPs generated, leading to a different response elicited from the target cell. Therefore, additional experiments are required to fully characterize the MPs isolated in our experiment, to obtain a better understanding of the role that MPs play in microglia communication with other CNS cells.
Taken together, our data support previous observations that MPs could serve as intercellular signaling molecules in the brain. Since MPs can be released by a variety of activated cells, including microglia, and induce the release of additional inflammatory mediators from surrounding cells, they can perpetuate the inflammatory and neurotoxic environment observed in neuroinflammatory diseases. Therefore, further elucidation of the receptors and signaling pathways involved in MP-induced microglial cell activation is warranted as it may lead to the identification of additional targets for the development of therapeutic strategies aimed at preventing or treating the neuroinflammatory component characteristic of several CNS disorders.
Financial support and sponsorship
This work was supported by grants from the Jack Brown and Family Alzheimer's Disease Research Foundation, the Natural Sciences and Engineering Research Council of Canada, and the University of British Columbia Okanagan Campus.
